The secretion of collagen by osteoblasts was observed by scanning electron microscopy (SEM) . Osteoblast-like cells were cultured on a CO3apatite-collagen sponge reinforced with a porous HAp frame. After three days' incubation, a number of newly created matrix fibrils, forming a network structure, were observed at the cell surface. SEM also showed that osteoblasts secreted collagen fibrils from their membrane, and that the collagen fibrils were twisted together.
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The secretion of collagen by osteoblasts was observed by scanning electron microscopy (SEM) . Osteoblast-like cells were cultured on a CO3apatite-collagen sponge reinforced with a porous HAp frame. After three days' incubation, a number of newly created matrix fibrils, forming a network structure, were observed at the cell surface. SEM also showed that osteoblasts secreted collagen fibrils from their membrane, and that the collagen fibrils were twisted together. When collagen in an aqueous sol solution was sprayed onto the extremely smooth surface of a mica plate to support the secretion of osteoblasts, a collagen network structure could be clearly observed with atomic force microscopy (AFM) . With this in vitro phenomenon, we could confirm the formation of collagen network structure without biological function.
Therefore, it was suggested that the CO3apatite-collagen sponge used in this study is a favorable scaffold biomaterial, on which osteoblasts could produce the unmistakable, characteristic extracellular matrix for mineralization. For therapeutic use of hard tissue biomaterials, collagen formation as an extracellular matrix (ECM) is very important because mineralization is subsequent to ECM.
INTRODUCTION
The collagens are a family of highly characteristic fibrous proteins found in all multicellular animals, and they are the major protein component of the extracellular matrix1) . Collagen is known to be secreted by connective tissue cells, as well as by a variety of other cell types.
As a major component of skin and bone, they are the most abundant protein family in mammals, constituting 25 % of the total protein mass.
The characteristic feature of a typical collagen molecule is its long, stiff, triple-stranded helical structure, in which three polypeptide chains -two a 1 chains and one a2 chain, and each with a molecular weight of approximately 100,000 daltons -are wound around one another in a ropelike superhelix. They make fibrils at first, then fibers, and finally fiber bundles (Fig. 1 matrix. However, the behavior of osteoblasts during their proliferation and differentiation has not been clarified, especially the formation and secretion of collagen as an extracellular matrix. In this study, therefore, we investigated how osteoblast-like cells secreted collagen fibrils using a scanning electron microscope. This is because the formation of a collagen network is vital for the regeneration of bone using scaffold biomaterials, and scanning electron microscopy is effective for the observation of stereostructures at high magnification. In addition to SEM observation, AFM was used to verify the collagen network structure formed from the collagen sol solution without biological function. EPMA was also used to characterize the mineralized substances.
MATERIALS AND METHODS
Preparation of CO3apatite-collagen sponges reinforced with a porous HAp frame CO3apatite was synthesized at 60 ± 1 °C and pH 7.4 0.2. A 0.5 L solution of 100 mmol/L Ca (CH3COO) 2 H2O and a 0.5 L solution of 60 mmol/L NH4H2PO4 containing 60 mmol/L (NH4) 2CO3 were fed into a mechanically stirred solution of 1.3 mol/L acetate buffer. The suspension was stirred for three hours, then kept at 25°C for 24 hours. The CO3apatite was separated by filtration, washed with distilled water, and dried at 60°C .
To make a porous HAp frame and to prevent shrinkage of the sponge in the solution, sintered well-crystallized HAp powder (HAP-200, Taihei Chemicals Co. Ltd., Nara, Japan) and paraffin wax were mixed with acetone. After evaporation of the acetone, the mixture was pressed in a mold, and a frame of 7.4 mm X 2.4 mm with a thickness of 1.2 mm was thus formed. Then, 20 holes were opened in the side of the frame with a drill 0.6 mm 96 in diameter. These rings were sintered at 1170°C for 2 hours. The frame was shrunk to a real frame ring 6 mm in outside diameter, 2 mm in height, and 1 mm in thickness.
Then, 0.5 wt% of calf skin collagen solution (Cellgen, Koken Co. Ltd., Tokyo, Japan) , which had been treated with enzymes to minimize its antigenicity, was neutralized with 0.05 N NaOH and mixed immediately with 0 and 70% (w/w) CO3apatite by dry weight (70% CO3 apatite weight/sponge weight) . The gels were put into each frame in a 96-well plate. Then, the plate was frozen at -80C for two hours and dried in a freeze dry machine (EYELA Co. Ltd., Tokyo, Japan) for 24 hours. The samples were subjected to UV radiation for four hours, being placed 10 cm from the UV lamp (10 W, 253.7 nm) , to become insoluble.
Cell culture Mouse osteoblast MC3T3-E1 cells derived from untransformed mouse bone marrow were obtained from RIKEN Cell Bank (Tsukuba, Japan) and were maintained by continuous culture at 37 °C in a 5% CO2 humidified atmosphere.
Cells were grown in DMEM (Dulbecco's Modified Eagle's Medium) solution supplemented with 10% heat-inactivated FBS. Penicillin (100 U/ml) and streptomycin (100 ti g/ml) were added to the media.
SEM observation and EPMA analysis Scanning electron micrographs (SEM) of each sample before and after cell culture were obtained using a SEM apparatus (5-4100, Hitachi Co. Ltd., Tokyo, Japan) . Each element such as Ca and P was analyzed by EPMA (JXA-8200, JEOL Ltd., Tokyo, Japan) .
HR-TEM observation High-resolution transmission electron micrograph (HR-TEM) observation was also carried out for the samples used in SEM observation at high magnification.
Each sample was embedded in epoxy resin, then sectioned very thinly (about 60 nm) with a microtome equipped with a diamond knife. These thin samples were put into the TEM holder and observed with a Topcon high-resolution transmission electron microscope (EM002B, Topcon Co. Ltd., Tokyo, Japan) at 200 kV.
AFM analysis
In general, when collagen gel and/or sol solution are dried or lyophilized, they usually make films or sponges, differing from the fibers in their biological structures.
To examine the possibility of a collagen network structure forming artificially, a 0.5 wt% calf skin collagen solution (Cellgen, Koken Co. Ltd., Tokyo, Japan) was diluted 100, 500, and 1000 fold. After incubation for 24 hours to realize a uniform solution, 10 u1 of each collagen solution was spread on mica substrates, and blown off after one minute. These samples were observed with an atomic force microscope AFM (SPI 3700, SII Ltd., Chiba, Japan) 16)
RESULTS

SEM observation
Osteoblast-like cells were cultured on the CO3apatite-collagen sponge reinforced with a porous HAp frame. Fig. 2 shows the composite after one day of incubation at low magnification.
CO3apatite crystals were coagulated and irregularly dispersed. Osteoblasts could not be observed clearly.
At high magnification, osteoblasts expanded on the scaffold material of CO3apatite-collagen sponge and extended projections, mainly toward both sides along the direction of growth after one day of incubation (Fig. 3) . Thin, film-like collagen as an original component of the CO3apatite-collagen sponge could be observed around osteoblasts.
After three days, a number of newly created matrix fibrils were secreted out of the osteoblast's membrane surface and coiled osteoblasts (Fig. 4) . A collagen network was formed like a spider's web. These fibrils might be produced by the surrounding osteoblasts.
Further magnification showed clearly that osteoblasts secreted collagen fibrils from the membrane surface, and minerals were deposited in the collagen fiber network (Fig. 5) . The collagen fibers twisted around each other.
The tips of the fibrils looked out briefly from here and there of the surface membrane of the osteoblast.
EPMA analysis and HR-TEM observation Fig. 6 shows the elementary analysis of the sample used in SEM observation.
The crystal observed in the area of CO3apatite-collagen sponge showed clear Ca and P elements (Fig. 6A ) in EPMA analysis, and needle-like feature with HR-TEM (Fig. 6C) . On the other hand, the crystal-like substances observed in Fig. 5 showed Na Cl, and P elements (Fig. 6B) .
AFM analysis When collagen in aqueous sol solution was sprayed onto the extremely smooth surface of a mica plate, collagen network structure could be observed with AFM (Fig. 7) . In this manner, we could confirm the network structure of collagen without biological function. In this study, we could clearly observe the network structure of collagen by AFM. The network observed in Fig. 7 seemed to be a fine structure composed of several collagen molecules by estimating from the diameter of collagen (10-20 nm).
It is known that the diameter of a collagen molecule with Fig. 7 Collagen network structure on mica AFM analysis.
substrate by a triple stranded helical structure is approximately 3-5 nm. This observation could be done using mica substrates.
In general, it is difficult to maintain a smooth surface of several nanometers (nm) on a material, because abrasion leads to roughness of the order of a few micrometers (um).
Even if a special technique is used, the limit allowed on smoothness is approximately 10 nm. Naturally, collagen molecules assemble to form a network structure. This is very useful for understanding the collagen synthesis process in vitro, because an in vitro phenomenon suggests that collagen network structure can be formed without biological function.
With the AFM result, it clearly demonstrated the in vitro formation of the collagen network structure, which was thought to be not so easy.
The synthesis of collagen in the cell is a complicated process. First, there is a self-assembly of three pro-a chains.
After being secreted into the extracellular space, these collagen molecules assemble into ordered polymers called collagen fibrils, which are fine (10-300 nm in diameter) structures1).
The fibrils begin to form close to the cell surface, often in deep infoldings of the plasma membrane formed by the tandem fusion of secretory vesicles with the cell surface.
The fibrils observed in Fig. 5 were approximately 100 nm in diameter.
Finally, the fibrils aggregate and assemble into large collagen fibers, which are visible under a light microscope.
We found a lot of collagen fibrils in the network structure as shown in Fig. 4 . In long-term culture, however, it is difficult to observe the network structures of collagen.
In a study by Tieliewuhan et a1.15) SECRETION 
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osteoblasts formed an extracellular matrix film that almost covered the surface of the sponge, hence making it difficult to clearly identify the features of the osteoblast.
In 10 days, the osteoblasts buried themselves in the matrix film.
We have already found -by Arizalin-red staining -that osteoblasts accumulated on the surface of a functionally graded, Mg-containing CO3 apatite (FGMgCO3apatite) -collagen composite and created an extracellular matrix during long-term culture11) . In this study, the collagen formation as an extracellular matrix was clearly observed by SEM. Although crystal-like substances were also observed (Figs. 4 and 5) , unfortunately we could not identify these materials accurately due to their small size versus the EPMA probe size. At the area where osteoblastlike cells appeared to exist, a high concentration of phosphate was detected. However, we could not identify the minerals by EPMA.
We detected phosphorous (Fig. 6B ) , but not calcium, at high concentrations.
In contrast, relatively high concentrations of sodium and chloride were also detected.
Therefore, we speculated the existence of mixed crystals of NaC1 and/or sodium phosphate.
On the other hand, CO3 apatite as a component of the scaffold material could be detected clearly by EPMA combined with SEM. Calcium and phosphate concentrations were estimated by both area analysis and elementary analysis as shown in Fig. 6A . HR-TEM photos clearly revealed the needle-like shape of CO3apatite crystals. These crystals were quite different from the round substances observed at the surface of osteoblasts in Figs. 4 and 5.
In . conclusion, although newly mineralized calcium phosphates could not be detected in this study, an extracellular matrix consisting of a lot of collagen fibrils was produced by osteoblasts on the CO3apatite-collagen sponges.
